Abstract We present new photographic, petrological, geochronological, and isotopic data for gneissic and granitic rocks obtained from six sample stations on Cavalli Seamount during two cruises in 2002. These data lead to revision of earlier conclusions based on two dredges of schist in 1999. Based on c. 100 Ma ages of zircon cores, and whole rock petrochemistry and tracer isotopes, we interpret the protoliths of paragneisses and orthogneisses to probably have been sedimentary and plutonic correlatives of the Late Cretaceous Houhora Complex. U-Pb dating of low Th/U zircon rims confirms an earliest Miocene high-grade metamorphic episode. A cooling history based on Ar-Ar K-feldspar dating indicates ultra-rapid cooling (c. 2000°C/m.y.) and vertical exhumation (c. 100 mm/yr) of the rocks at 19.9 Ma. Our preferred tectonic model relates the amphibolite facies metamorphism to Northland Allochthon emplacement and the rapid exhumation to dextral transtension along the Vening Meinesz Fracture Zone system and/or a rapidly retreating Pacific trench.
INTRODUCTION
Cavalli Seamount is a prominent, flat-topped, c. 40 x 20 x 1 km feature located c. 100 km ENE of North Cape ( Fig. 1 , 2) (Mitchell & Eade 1990) . Geomorphically it lies off the well-defined Northland continental slope, near the edge of the Northland Plateau (Herzer et al. 2000) . In a cruise in 1999, samples of schist were recovered from two dredges on the east slopes of Cavalli Seamount. Post-cruise analysis and interpretation of those rocks led Mortimer et al. (2003) to propose a Miocene metamorphic core complex model. Key results leading to this model were establishment of (1) Late Cretaceous-Paleogene sedimentary protolith and (2) rapid early Miocene exhumation.
This paper is an update of Mortimer et al. (2003) and is based on new, previously unpublished results from two cruises made in 2002 (Clark et al. 2002; Herzer et al. 2004) (Table 1) . One, a dedicated geological cruise by GNS Science, made one rock dredge up the south flank of the western part of Cavalli. On a separate biological cruise by the National Institute of Water and Atmospheric Research (NIWA), rocks were recovered as "by-catch" at several stations on the seamount's flat top, and bottom camera traverses were made of the seabed. Our new samples, analyses, and images give more confidence to, and supplement, the interpretations made by Mortimer et al. (2003) .
With the publication of dredging results from the Northland Plateau (Mortimer et al. 2007) , it is now possible to view Cavalli in an onland-offshore geological context (Fig. 1) . Much of the Northland continental shelf edge (<1500 m water depth) is underlain by the Vening Meinesz Fracture Zone (VMFZ) system of faults. Cavalli Seamount and the Northland Plateau (a broad region of mainly Miocene volcanoes) lie between the VMFZ and the edge of the Kupe Abyssal Plain of the South Fiji Basin (c. 3000 m water depth). Cavalli Seamount separates the Knights and Whangaroa Basins. The autochthonous basement geology of onland Northland comprises Waipapa Terrane (Permian-Jurassic greywackeargillite association with minor basalt-chert-limestone) and Houhora Complex (Late Cretaceous intercalated submarine basalt, andesite, dacite, rhyolite, tuff-breccia, conglomerate, sandstone, and mudstone) (Isaac et al. 1994; Isaac 1996) . Houhora Complex igneous rocks have given U-Pb zircon ages of c. 102 Ma (GNS unpubl. data) . Late Cretaceous-Oligocene sedimentary rocks rest unconformably on the basement. Herzer & Mascle (1996) , and Mortimer et al. (2007) .
Tectonically overlying the autochthonous rocks is a nowsouthwest-tilted thrust sheet, the Northland allochthon, which was emplaced in the Waitakian (early Miocene, 25-22 Ma). Following allochthon emplacement, early Miocene volcanoes of the Northland arc erupted through and onto the allochthon and, probably in the same early-middle Miocene time interval, the dextral VMFZ juxtaposed rocks of the Northland Plateau, including Cavalli Seamount, against the Northland continental margin (Fig. 1) .
METHODS
With a few exceptions, X-ray fluorescence (XRF), inductively coupled plasma mass spectrometry (iCP-MS), ar-ar and u-Pb dating, and Sr, Nd and Pb isotopic analytical methods are identical to those reported in Mortimer et al. (2006, appendix DR1) . after analysing the whole rocks by iCP-MS with acid dissolution, it was realised that there were unrealistically low concentrations of Zr and rare-earth elements, presumably due to incomplete sample dissolution of minerals such as zircon.
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2 location of dredge sites, and plutonic-metamorphic rock types obtained from Cavalli Seamount on GNS Tangaroa cruises SF9901 and TaN0210, and on NiWa Kaharoa cruise KaH0204. Kaharoa camera station tracks 5 and 25 also shown. Bathymetry from Mitchell & eade (1990) . For sample details see Table 1 .
Samples were thus reanalysed by iCP-MS using fused bead dissolution, as indicated in Table 2 . The analytical approach used in 40 ar/3 9 ar analysis is identical to that outlined in Dunlap (2003) , except for the following: correction factors used are ( 3 7ar/39ar) , (39ar/37ar)Ca = 7.86 × 10-4, ( 40 ar/ 39 ar) K = 0.027. The individual step ages of the K-feldspar were calculated using the Fish Canyon sanidine neutron fluence (dose) monitor, which has an intercalibrated age of 28.1 ± 0.04 Ma (Spell & McDougall 2003) .
all samples have been lodged in the GNS Petrology "P" Collection, and associated sample and analytical data have been catalogued in the PeTlaB database (http://pet.gns.cri. nz).
SAMPLE DATA
During the KaH0204 cruise, 317 photographs were taken during the course of 11 still-camera tows across the tops of the eastern and western parts of Cavalli Seamount. in most cases the camera faced vertically down, perpendicular to the seafloor. The camera was not deliberately oriented, the purpose being to take biological images. We believe that the long axis of the photographs was probably oriented parallel to the ship's track, although the possibility of cross-currents and local sled disturbances means we cannot be entirely sure of this. In situ rock exposures (as opposed to sandy or muddy bottom) were visible in about one-fifth of the photographs, and 21 photographs in nine different tows showed a significant measure of photogeological detail. in most of these, the shadows cast by rock mass edges revealed the presence of a subhorizontally dipping planar anisotropic fabric, inferred to be metamorphic foliation (e.g,. Fig. 3a,B) . in one case, steeply dipping, possibly isoclinally folded foliation appeared to be exposed on a subhorizontal joint face (Fig. 3C) .
A summary of the hand specimen and petrographic characteristics of the igneous and metamorphic samples is given in Table 1 . including the two 1999 dredge sites, metamorphic and plutonic rocks have now been obtained from eight sample sites up to 20 km apart on the eastern and western parts of Cavalli Seamount (Fig. 2) . in contrast to neighbouring seamounts on the Northland Plateau and continental shelf, which are extinct volcanoes ( Fig. 1) , it is significant that no volcanic or volcaniclastic rocks have thus far been obtained from Cavalli Seamount. This suggests that the entire seamount represents a significant submarine outcrop of continental metamorphic rocks.
Compared with the rocks dredged in 1999, no calcsilicate gneiss was sampled. The textures of the 2002 biotite-bearing metamorphic rocks are more semischistose-granoblastic than schistose, and have relatively poor fissility compared to the 1999 rocks. Hence, in the absence of mesoscopic field criteria, we describe the 2002 rocks as gneisses rather than schists (Compton 1985) but acknowledge there is probably a gradation between these rock types. The metamorphic mineral assemblages in the 2002 biotite gneisses are the same as in the 1999 biotite schists, with the index mineral sillimanite being present in gneiss P67671 from the eastern seamount top. layering and heterogeneity probably indicates that most of the biotite gneisses had a metasedimentary protolith, and we refer to them as paragneisses.
Plutonic rocks were entirely absent from the two 1999 dredges. However, in the 2002 dredges, significant occurrences of metaplutonic rocks (granitic and dioritic gneiss) were discovered on both the eastern and western parts of the seamount (Fig. 2 ). These rock types occur both as deformed granitic veins in gneiss (e.g., P67670, P66838) and as separate boulders of granitic and dioritic gneiss (e.g., P66839). Foliation in the metaplutonic rocks is much weaker than in the aforementioned biotite gneisses, and banding is absent (Fig. 2) . a sample of pegmatite vein cutting amphibolite (P67676) was obtained from the eastern top of the seamount. (Whalen et al. 1987) . C, D, Primitive mantle normalised multi-element diagram (Sun & McDonough 1989 ). E, Sr versus Nd tracer isotope diagram. F, Strontium isochron diagram (no useful age information can be derived from the isochron lines, they are plotted for reference only). Reference data from Ruddock (1990) , McCulloch et al. (1994) , Palmer et al. (1995) , Nicholson et al. (2000) , Nicholson & Black (2004 ), adams et al. (2005 , and Mortimer et al. (1998 Mortimer et al. ( ,2003 Mortimer et al. ( ,2006 .
ANALYTICAL DATA Petrochemistry
Paragneisses Mortimer et al. (2003) discussed the usefulness and limitations of petrography and of whole rock geochemical and isotopic analyses in helping correlate the metasedimentary rocks with specific geological units. Basically, the banded biotite gneisses in this study have broadly similar compositions to the 1999 biotite schists, but overall are slightly more silicarich. Whole rock and tracer isotope data are compatible with any one of a number of local sources from Waipapa Terrane and Houhora Complex basement, to cover sequences eroded therefrom (Fig. 4) . Dating of detrital zircons (see below) is more informative for stratigraphic correlation.
Orthogneisses
Three analyses of the weakly foliated metaplutonic rocks were made. The two samples from KaH0204-22 are similar in composition to each other and are essentially duplicate samples. They are granodiorites according to the petrochemical scheme of Middlemost (1994) . The third sample, P66839, is granitic (Table 1 , 2; Fig. 2B ) and has 1.3 wt% corundum in the norm (i.e., it is peraluminous). A silica versus total alkalies diagram ( Fig. 4a ) has limitations for metamorphic rocks. However, in overall bulk composition, the granodioritic orthogneisses are somewhat similar to the paragneisses (Fig. 4a,B) but the two sets of gneisses plot on different arrays on an Rb-Sr isochron diagram, the paragneisses being more radiogenic (Fig. 4F ). in terms of whole rock geochemistry, possible Northland correlatives of the orthogneisses are the Cretaceous (c. 100 Ma) Houhora Complex (isaac et al. 1994; isaac 1996; Nicholson & Black 2004 ) and the early Miocene (c. 20 Ma) Karikari plutonics (Ruddock 1990; isaac 1996) which are part of the early Miocene Northland arc. alternatively, they could be a new suite of igneous rocks that have no onland equivalent. on a silica versus total alkalies diagram (Fig. 4a) , both Houhora and Karikari suites are plausible correlatives for the Cavalli orthogneisses. in terms of trace element contents in the same silica range, the Cavalli orthogneisses have the distinctive high large ion lithophile element content (lile, e.g., Cs, Rb, Ba, Th, u, K) of the Houhora Complex. Concentrations of high field strength (HFS, e.g., Y, Nb, Zr) and rare-earth elements (Ree) are slightly lower and fall between the range of known Houhora Complex and those reported for the Karikari Plutonics. Part of this poor match may result from the fact that there exists a paucity of published trace element data on the Houhora and Northland arc rocks, and the Cavalli samples number only three. Sr and Nd isotopic data are likewise not distinctive (Fig. 4e) , but if the Houhora Complex reference set contained dacites and rhyolites (like that shown for Taupo Volcanic Zone), then a better match might be obtained.
U-Pb dating
Zircon grains were separated from two samples, P66836 biotite paragneiss and P66839 granitic orthogneiss, using standard mineral separation techniques. Before dating, cathodoluminescence images of grains were used to identify target spots on cores and rims where possible. a total of 36 dates were obtained from 29 spot analyses for P66836 and 39 dates from 39 spots for P66839 (Tables 3,4 ).
Both samples gave broadly similar results: most of the data fall into two distinct age populations, 20-23 Ma and 98-99 Ma, with scattered intermediate ages and several inherited grains (Fig. 5) . For orthogneiss P66839, the principal age populations are 19.7 ± 0.8 Ma (2 σ error, n = 5, MSWD = 2.05) and 98.3 ± 1.6 Ma (2 σ error, n = 13, MSWD = 1.16). For paragneiss P66836, the principal age populations are 22.9 ± 0.6 Ma (2 σ error, n = 7, MSWD = 1.72) and 99.2 ± 1.4 Ma (2 σ error, n = 14, MSWD = 1.31). a large number of grains in the orthogneiss P66839 gave a range of ages intermediate between the two principal age populations. With the relatively low precision of the la-iCP-MS method, some of these intermediate ages appear concordant (Fig. 5) , but 208 Pb/ 232 Th data indicate they are not. a total of six grains in the paragneiss and one grain in the orthogneiss had 206Pb/238u ages of 120-610 Ma, which we interpret as inherited detrital cores. The ages of these inherited grains broadly match those of detrital zircons from the Waipapa Terrane basement of onland Northland (adams et al. 2007 ). all spots that yielded early Miocene ages (resolved rims in the case of grains from P66836) have high u concentrations and correspondingly low Th/u ratios compatible with a metamorphic origin (Rubatto 2002; Hoskin & Schaltegger 2003) . in contrast, spots with late Cretaceous ages have u concentrations and Th/u ratios more consistent with an igneous paragenesis.
Ar-Ar and K-Ar dating
K-feldspar is plentiful in the weakly foliated granitic orthogneiss P66839 (Fig. 3D ). a step heating experiment reveals an essentially flat plateau from which a very precise age of 19.89 ± 0.05 Ma (2 σ) can be obtained (Fig. 6 , Table  5 ). There is no statistically significant slope on this plateau. Thermal modelling of the spectrum to obtain a 350-150°C time versus temperature cooling curve was not done, as the result would simply be a line parallel to the temperature axis at 19.9 Ma. it is clear that P66839 has cooled exceptionally rapidly for a holocrystalline high grade metaplutonic rock with a 1-2 mm grain size. Taking the error limits literally, this would amount to some 200°C in 100 000 yr for this part of West Cavalli Seamount, a result more than three times the maximum cooling rate inferred for part of east Cavalli by Mortimer et al. (2003) . assuming a geobarometric depth of c. 10 km for the rocks (Mortimer et al. 2003) , this converts to a vertical exhumation rate of 100 mm/yr. The Cavalli rocks are thus at the extreme upper limit of known cooling and exhumation rates from a wide range of geological settings (Ring et al. 1999; Dunlap 2000; Rubatto & Herrmann 2001) .
Biotite from granodioritic orthogneiss P67674 gave a K-ar age of 19.3 ± 0.5 Ma (K = 6.72 wt%, 40Ar* = 2.22 × 10-10 mol/g, % 40ar* = 46.5).
DISCUSSION
Protoliths
Paragneiss
The dominance of zircon grains of c. 100 Ma age with igneous parentage in the paragneiss suggests a strong detrital influence from rocks similar in age to the c. 100 Ma Houhora Complex (isaac et al. 1994; isaac 1996) . We cannot, on existing data, firmly establish if the protoliths were actually Cretaceous Orthogneiss on balance we interpret the geochemical, tracer isotope, and u-Pb zircon data to support a Cretaceous rather than Miocene age of igneous rock formation. evidence in support of a Cretaceous age is the contrast in Th/u of the zircons (Cretaceous = igneous values, Miocene = metamorphic values, Fig. 5 ), the high lile content of the rocks (similar to Houhora Complex, Fig. 4D ), and the initial 87 Sr/ 86 Sr and εNd ratios which should be more similar to the paragneisses if the granite was a Miocene melt from the host rock (Fig. 4e,F) . We attribute the imperfect match in the petrochemistry of the Cavalli samples with the onland Houhora samples to (1) aforementioned small datasets, and (2) the presence between onland Northland and Cavalli Seamount of the strike-slip VMFZ. This means that Cavalli Seamount may have originated up to 500 km northwest of its present position (Fig. 7) (Mortimer et al. 2007 ).
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Age ( 40 ar/ 39 ar age spectrum (age versus fraction of 39 ar released) and accompanying K/Ca and K/Cl ratios for K-feldspar from granitic orthogneiss P66839. We interpret the dated orthogneiss sample and smaller granitic veins (Table 1) to have been parts of subvolcanic dikes and plutons that intruded a late Cretaceous silicic volcanic-volcaniclastic carapace, similar to the case of the Houhora Complex (isaac et al. 1994; isaac 1996) . as such, the broad similarity between orthogneisses and paragneiss bulk rock compositions need not be coincidence. We do not entirely rule out some remobilisation and/or migmatisation of the Cretaceous protoliths in the early Miocene (e.g., at the time of intrusion of the Karikari Plutonics). Mortimer et al. (2003) were unable to constrain the age of prograde amphibolite facies metamorphism of the schists and gneisses. The new u-Pb data presented in Fig. 5 indicate metamorphic zircon growth possibly as early as 23 Ma and possibly as late as 20 Ma. This definitely seems to link the prograde metamorphism with other early Miocene events in onland and offshore Northland (Mortimer et al. 2003 (Mortimer et al. ,2007 , rather than to some Cretaceous or Paleogene event. The ar-ar dating of a single separate of K-feldspar from West Cavalli (P66839) provides a simpler and less ambiguous cooling history than the multiple minerals and methods used by Mortimer et al. (2003) for the east Cavalli dredge site. P66839 underwent exceptionally rapid cooling rates of c. 2000°C/ Ma through the 350-150°C temperature range at 19.9 Ma. The cooling interval of 23-21 Ma cited by Mortimer et al. (2003) was arrived at by the need to accommodate a 25 ± 4 Ma zircon fission track age. While different parts of Cavalli may have been exhumed at different times (the 1999 and 2002 sample sites are 20 km apart), the current study would appear to provide a more precise and consistent result, with which all thermochronological and micropaleontological data of Mortimer et al. (2003) , except the zircon fission track age, are entirely compatible. The inferred vertical exhumation rate of c. 100 mm/yr is comparable to moderately fast horizontal plate tectonic rates and matches the inferred 67-100 mm/yr rate calculated for the VMFZ from the alignment of Kupe abyssal Plain hotspot tracks (Mortimer et al. 2007) .
Metamorphism and exhumation
Tectonic model
From the combined results of the 1999 and 2002 dredges, Cavalli Seamount protoliths are now known to consist of correlatives of late Cretaceous-Paleogene sedimentary cover derived from Waipapa Terrane (Mortimer et al. 2003) and also late Cretaceous sedimentary and plutonic rocks similar to Houhora Complex (this study) (Fig. 7 a) . Both these rock units are present in autochthonous basement of present day onland Northland, although the Cavalli rocks may actually have been ripped off the continental Reinga Ridge many hundreds of kilometres to the northwest where Houhora-like rocks are known to occur (Mortimer et al. 1998) . This arises as a simple consequence of the position of Cavalli Seamount oceanward of the VMFZ (Fig. 1) , and of closing the Norfolk Basin, and perhaps parts of Kupe Abyssal Plain, along the VMFZ (Fig. 7 ) (Herzer & Mascle 1996; Mortimer et al. 2007 ).
The Northland Allochthon was emplaced in the interval 25-22 Ma, thus it is plausible to associate the 23-20 Ma Cavalli high grade metamorphism with crustal thickening associated with allochthon emplacement, similar to models of Eocene allochthon emplacement and metamorphism in New Caledonia (Cluzel et al. 2001; Crawford et al. 2003) . The recovery of plutonic and metamorphic rocks of similar, amphibolite facies, metamorphic grade from a wide area on Cavalli Seamount (Fig. 2) would seem to argue against the rocks occurring as a thin sub-allochthon metamorphic sole (one option considered by Mortimer et al. 2003 ) but would suggest a distribution throughout a more significant crustal volume. Two different scenarios for tectonic burial of the Cavalli rocks to amphibolite facies depths in thickened crust beneath the Northland Allochthon are presented in Fig. 7B ,C (after Malpas et al. 1992) . Neither the present study, nor that of Mortimer et al. (2007) , is able to provide a test of the polarity of emplacement of the Northland Allochthon.
The early Miocene was a time of intense tectonomagmatic activity and change in and near northern New Zealand. Mortimer et al. (2007) attributed this to tandem opening of the Norfolk and Kupe back-arc basins behind a rapidly east-retreating Pacific trench, separated from the continental crust of Zealandia by the VMFZ (Fig. 7D,E) . Between the southern Norfolk Basin and offshore Northland, the VMFZ is known to be a major dextral strike-slip fault system (Isaac et al. 1994; Herzer & Mascle 1996) .
The exhumation event in which Cavalli schists and gneisses came from c. 10 km depth to exposure and planation at sea level by the Altonian (19-17 Ma) (Mortimer et al. 2003 ) is now more accurately and precisely dated at 19.9 Ma and inferred to have had an exceptional vertical exhumation rate of c. 100 mm/yr. Exhumation clearly followed the 25-22 Ma emplacement of the Northland Allochthon. The images of stretching lineations and sediment-filled cracks (Fig. 3A,B) provide outcrop information that was unavailable to Mortimer et al. (2003) that also can be fitted into a model. Unfortunately, we do not know if the Cavalli rocks are part of a longer linear belt, or are a unique point occurrence. Mortimer et al. (2003) noted that the rapid early Miocene exhumation of Cavalli Seamount was consistent with it being in the lower plate of an early Miocene metamorphic core complex. Our new data still support this conclusion but we can now better identify the tectonic controls on exhumation. Fast rates of vertical exhumation of metamorphic rocks have been associated with extensional metamorphic core complexes where oceanic spreading ridges propagate into continental borderlands (e.g., >10 mm/yr exhumation rate, Baldwin et al. 2004) , with continent-continent collision zones (e.g., 34 mm/yr, Rubatto & Hermann 2001; 6-9 mm/yr, Little et al. 2005 ) and in complex back-arc basin settings (e.g., >4 mm/yr, Thomson et al. 1998; Ring & Reishmann 2002) . Core complex formation and exhumation has also been described from intracontinental strike-slip regimes (e.g., Whitney et al. 2007) . Although the 10 km paleodepth estimates for the Cavalli gneisses is not well constrained, the inferred exhumation rate far exceeds the aforementioned estimates which are generally considered to be fast (see also Ring et al. 1999) . We believe that the extreme Cavalli exhumation rate is a result of the coincidence in space and time of multiple tectonic conditions favouring local vertical motion. Contributing factors to the rapid exhumation were probably: (l)upto 100 mm/yr dextral motion on the adjacent VMFZ; (2) rapid Pacific trench rollback; (3) possible soft link to a coeval rapid back-arc spreading in the Kupe Abyssal Plain; and (4) buoyancy-assisted uplift of an overthickened continental crust fragment against the VMFZ. Figure 7D ,E shows Cavalli Seamount in this regional context of dextral transform faulting with subduction-and rift-related volcanoes erupting on both sides of the VMFZ. Improved understanding of the regional kinematic significance of Cavalli Seamount must await seismic surveys of the Northland continental margin to better define controlling structures, and local multibeam bathymetric mapping of Cavalli Seamount to enable matching of our hand sample and outcrop scale data with regional scale fault patterns.
CONCLUSIONS
Two cruises to Cavalli Seamount in 2002 added to the material obtained on an earlier cruise in 1999 (Mortimer et al. 2003) . The 2002 cruises yielded outcrop photographs, more samples of high grade metasedimentary rocks, and, for the first time, metaplutonic rocks. Our analytical work indicates that Late Cretaceous protoliths similar to Houhora Complex are present on West Cavalli, as well as the previously established Waipapa Terrane-derived sedimentary cover rocks on East Cavalli. U-Pb dating of zircons indicates amphibolite facies (sillimanite grade) metamorphism to have taken place in the interval 20-23 Ma, and is plausibly related to crustal thickening associated with emplacement of the Northland Allochthon. Ar-Ar dating of K-feldspar indicates that ultrafast exhumation took place at 19.9 Ma. Extremely rapid mid-crustal exhumation took place in a regime of intra-arc dextral transtension between the VMFZ and a retreating Pacific trench.
